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Objective: To compare quantitative computed tomography (CT) analysis and
single-indicator thermodilution to measure pulmonary edema in patients with acute
respiratory distress syndrome (ARDS).
Method: Ten patients with ARDS were included. All underwent spiral CT of the
thorax for estimating gas content of lung (GVCT), tissue volume of lung (TVCT), tissue
volume index (TVI), mean radiographic attenuation (CTmean) for the whole lung and
gas-to-tissue ratio (g/t). Pulmonary thermal volume (PTV) and extravascular lung
water index (ELWI) were determined by the PiCCO plus system. CT or single-indicator
thermodilution variables were correlated with respiratory system compliance (Crs),
PaO2/FiO2, and Acute Physiology And Chronic Health EvaluationII (APACHE II) and
Sequential Organ Failure Assessment (SOFA) scores.
Results: 1) TVCT and PTV were positively correlated (r =0.8878; P = 0.0006; equation of
regression line: PTV = 1.0793 × TVCT + 179.8) as were TVI and ELWI (r =0.9459;
P < 0.0001; equation of regression line: ELWI = 1.4506 × TVI-8.7792). The bias between
TVCT and PTV as well as TVI and ELWI was −277 ± 217 and 0.62 ± 4.56, respectively.
2) ELWI and CT distribution of lung-tissue compartments were not correlated. 3) CT
or single-indicator thermodilution variables were not correlated with Crs, PaO2/FiO2
or APACHE II or SOFA score.
Conclusion: Quantitative CT analysis and single-indicator thermodilution showed
good agreement in measuring pulmonary edema.
Keywords: Acute respiratory distress syndrome, Pulmonary edema, Quantitative CT
analysis, Single indicator thermodilution method, Extravascular lung waterIntroduction
Interstitial lung edema is the most important pathological character of acute lung injury
(ALI) and acute respiratory distress syndrome (ARDS) [1,2]. Quantitative measurement
of lung edema can provide a useful marker of disease severity and prognosis [3,4]. Quan-
titative CT analysis and single-indicator thermodilution have been used to quantify lung
edema clinically and experimentally.© 2014 Zhang et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication
waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise
stated.
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tissue volume (TVCT) [5]. It also helps divide the whole lung into 4 compartments by
radiographic attenuation values of normally aerated, poorly aerated, nonaerated, and hy-
perinflated [5]. Although a classification of lung regions according to CT density is often
used, various lung components (tissue, vessel, blood, edema) cannot be differentiated by
radiologic density [6-11]. Moreover, radiation exposure, the risk of transferring critically ill
patients, the relative high costs, and restricted availability all limit obtaining repeated mea-
surements, so CT is not an ideal method to follow the clinical evolution of lung injury.
Extravascular lung water (EVLW) has been widely used to quantify pulmonary edema
and guide fluid resuscitation in critically ill patients [12]. Single-indicator thermodilu-
tion is a relatively simple and safe method for repeatedly measuring EVLW. Unfortu-
nately, many factors that may affect the accuracy of the single-indicator thermodilution
method include vascular obstruction by emboli, thrombosis, severe hypoxic vasocon-
striction, and, possibly, high airway pressure, which are common in patients with ALI/
ARDS [13-22].
The gravimetric method of estimating EVLW is an experimental method and is the
gold standard; it can be used to compare the wet and dry weight of the lung in animals
or humans on autopsy, for only one measurement. The accuracy of the single-indicator
method in measuring lung water has been confirmed by the gravimetric method in
animals and human studies [23-26]. In an experimental animal study, quantitative
CT analysis showed good agreement with the gravimetric method [27].
Measuring lung edema by the thermal indocyanine green-dye double-dilution method
has shown good agreement with that by quantitative CT [28]. However, in mainland
China, the single-indicator thermodilution method is used more than the thermal indocy-
anine green-dye double-dilution method. Therefore, we aimed to compare quantitative
CT analysis and single-indicator thermodilution for diagnosis measurement of pulmonary
edema in patients with ARDS.Materials and methods
Patients
From March to December 2010, we included 10 consecutive patients with ARDS ac-
cording to the criteria from the European American Consensus Conference on ARDS
[1]. Patients had been admitted to the intensive care unit (ICU) of Qilu Hospital,
Shandong University, and had undergone lung CT and PiCCO plus system measure-
ment for clinical monitoring. We excluded patients who were < 18 years old, were
pregnant, or had chronic obstructive pulmonary disease, recent arrhythmia; unstable
angina or myocardial infarction; chest wall trauma; or high intracranial pressure. The
Ethics Committee of Qilu Hospital, Shandong University, approved the study protocol
and informed consent was obtained from the patient’s next of kin.
Each patient underwent insertion of a 4 F central venous catheter (ARROW Co.,
USA) in the subclavian vein with an injectate temperature-sensor housing (PV4046,
Pulsion Medical Systems, Munich, Germany) and a 5 F femoral arterial catheter with a
thermistor tip (PV2015L20, Pulsion Medical Systems, Munich, Germany). Both catheters
were connected to the PiCCO plus system (Pulsion Medical Systems V7.1, Munich,
Germany). Ventilation was maintained throughout the protocol.
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Spiral CT of the thorax was performed from the apex to diaphragm (GE Lightspeed,
GE Healthcare, USA), with continuous monitoring of heart rate, arterial blood pressure,
and oxygen saturation. CT parameters were collimation scan, 20 mm; exposure, 120 kV
and 220 mA; table speed, 25 mm/sec; and pitch, 1:1.
When patients were transported for CT scan, the ventilatory settings were maintained
as in the ICU ward. The CT scan was performed quickly during an end-expiratory
pause. Previous ventilatory settings were promptly reestablished at the end of the scan.
CT images were analyzed by use of a home-made dedicated software, ARDS Viewer
(Zhang Fan, Wu Dawei, Qilu Hospital, Shandong University, China). The ARDS Viewer
allows for drawing the contour of the lung directly on a computer monitor (Figure 1).
The mediastinum and pulmonary hila containing the trachea, main bronchi, and hilar
blood vessels were excluded from the region of interest. Each element of the 512 × 512
matrix contained the value of the radiographic attenuation expressed in Hounsfield
units (HU) corresponding to a volume of tissue (voxel).
Lung volume (gas + tissue) was calculated as the number of voxels present in a
given lung region [5]. Despite the complex interface between gas (with radiologic
density ~ −1000 HU) and tissue (radiologic density ~ 0 HU [water density]), one can
compute the volume of gas, volume of tissue, overall lung volume, and volume distribu-
tion of lung aeration for any lung region [5,6]. The mean CT attenuation of a given lung
region (CT lung density) is equivalent to its aeration: for example, −300 HU, the lung re-
gion is composed of 70% tissue and 30% gas (lung aeration = 30%). Therefore, the gas vol-
ume and tissue volume of each voxel can be calculated as follows [5,6]:
The gas volume ¼ mean CT number
CT numbergas‐CT numberwater
 the volume of a voxwel
¼ mean CT number
‐1000
 the volume of a voxwel
The gas volume ¼ 1‐mean CT number
‐1000
 
 the volume of a voxwelFigure 1 Computed tomographic scans obtained in a 32-yr-old patient with “patchy” acute respiratory
distress syndrome caused by invasive aspergillosis. Contiguous 0.5-cm-thick computed tomographic
sections were obtained from the apex to the diaphragm in positive end-expiratory pressure of 10 cmH2O. As
shown by the ARDS viewer, the entire lung is composed of nonaerated (green), poorly aerated (blue), and
normally aerated (purple) lung regions. The gas content (GVCT) is 506.86 ml, and the lung tissue volume (TVCT)
is 1652.71 ml.
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the matrix and the thickness of the CT section (0.5 cm). Therefore, the volume of gas
(GVCT) and volume of tissue (TVCT) of the overall lung can be obtained. The mean
radiographic attenuation value (CTmean) for the whole lung was computed by averaging
the attenuation value of all voxels in the region of interest. The gas-to-tissue ratio (g/t)
was computed as the ratio between GVCT and TVCT. The tissue volume index (TVI)
was obtained by indexing TVCT to predicted body weight of the patient.
Classically, lung aeration is quantified into 4 compartments [7-10]: 1) normal aeration,
CT attenuation −900 to −500 HU, corresponding to a normal ventilation perfusion ratio;
2) overinflation, CT attenuation < −900 HU, corresponding to alveolar dead space if the
lung region is insufficiently perfused; 3) poor aeration, CT attenuation −100 to −500 HU,
which corresponds radiologically to “ground-glass” opacification or reticular pattern and
physiologically to venous admixture if the lung region remains perfused; and 4) nonaera-
tion, CT attenuation > −100 HU, corresponding radiologically to consolidation and atelec-
tasis and physiologically to true pulmonary shunt if the lung region remains perfused. We
computed the ratio for the tissue volumes of each compartment (Figure 2).Single-indicator thermodilution
The PiCCO plus system involves a thermal indicator to determine EVLW, cardiac output
(CO), and volumetric measures. A central venous catheter and femoral arterial catheter
with a thermistor tip are inserted for measurement. Cold saline (8°C), 15 ml volume, is
injected into the central venous catheter. Then the thermistor tip on the femoral arterial
catheter measures the downstream temperature change within the abdominal aorta. A
transpulmonary thermodilution curve can be drawn. The cardiac output is calculated by



























Hyperinlfated Normally aerated Poorly aerated nonaerated
Figure 2 Distribution of the tissue volume compartments for the whole lung in each patient. Lung
compartments were classified according to CT values as hyperinflated (CT values less than −900 HU),
normally aerated (between −500 and −900 HU), poorly aerated (between −100 and −500 HU), and
nonaerated (between −100 and + 100 HU).
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of the exponential thermodilution curve, preload and lung water values are determined.
The intrathoracic thermal volume (ITTV) can be calculated by multiplying the CO by
the MTt. The thermal indicator mixes with the largest possible volume of distribution.
ITTV¼COMTt
The ITTV is composed of the pulmonary thermal volume (PTV) and the globalend-diastolic volume (GEDV). PTV can be determined as the product of CO and the
exponential DSt as follows.
PTV ¼ CO DSt
GEDV ¼ ITTV−PTV
Sakka and coworkers [29] examined the relationship between intrathoracic bloodvolume (ITBV) and GEDV and derived the following equation using linear regression
to describe this relationship.
ITBV ¼ 1:25 GEDVð Þ−28:4 ml:
EVLW reflects all fluid, including interstitial and alveolar, that is outside of thepulmonary vasculature during transit of the thermal indicator. EVLW is calculated
as the difference between the ITTV and ITBV as follows.
EVLW ¼ ITTV−ITBV
In the PiCCO plus system, ITBV and GEDV are indexed to the body surface area ofeach patient to obtain the intrathoracic blood volume index (ITBI) and global end-
diastolic volume index (GEDI); EVLW is indexed to predicted body weight for the
extravascular lung water index (ELWI). All values were obtained just after the patient
returned to the ICU after CT scan.
Other related values
Immediately after CT scan, arterial blood was drawn for blood gas analysis, PaO2/FiO2
was calculated; and respiratory system compliance (Crs) was recorded. The Acute
Physiology And Chronic Health Evaluation II (APACHE II) and Sequential Organ Failure
Assessment (SOFA) scores were obtained from the worse record for each physiological
variable within the 24 hr before and after CT scan.
Statistical analysis
Data are presented as mean ± SD. To evaluate the association of PTV with TVCT and
ELWI with TVI, we performed a linear regression analysis. Agreement between values
was assessed by the Bland and Altman plot method. Correlation was evaluated between
the main values (PTV, ELWI, CTmean, GVCT, TVI, and g/t) and PaO2/FiO2, Crs, and
APACHE II and SOFA scores. To assess whether pulmonary edema was associated
with any specific tissue compartment, we correlated the ELWI with the relative tissue
volume for each compartment. All correlations were assessed by linear regression ana-
lysis with the Pearson correlation coefficient r. Statistical significance was set at P<0.05.
Statistical analyses involved use of SAS 9.2 (SAS Inst., Cary, NC).
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Patient characteristics
We included 10 patients (mean age 48.60 ± 18.08 years; 8 males); characteristics are
in Table 1. Each patient showed a PaO2/FiO2 < 200 mmHg, with an overall mean
103.87 ± 54.42 mmHg. ARDS was due to pneumonia for 6 patients and multiple
trauma for 2, with abdominal infection for 2. Half of the patients presented a large
amount of pleural fluid.Quantitative CT analysis
On CT scan, TVCT was 1221.37 ± 383.68 ml, TVI 18.12 ± 6.79 ml/kg, GVCT 916.58 ±
418.08 ml, CTmean −407.97 ± 118.30 HU, and g/t 0.80 ± 0.40 (Table 2). Nonaerated,
poorly aerated, normally aerated, and hyperinflated tissue represented 32.55 ± 9.26%,
39.92 ± 13.82%, 27.46 ± 9.29%, and 0.06 ± 0.11% of the TVCT, respectively (Figure 2).Single-indicator thermodilution
With the PiCCO plus system, PTV and ELWI were 1498.1 ± 466.45 mL and 17.5 ±
10.4 ml/kg, respectively. Individual values for GEDI, ITBI, PTV, and ELWI are in
Table 2.Correlation between quantitative CT analysis and single-indicator thermodilution values
Mean TVCT and PTV were positively correlated (r =0.8878; P = 0.0006; PTV = 1.0793 ×
TVCT + 179.8) and PTV values overestimated those of TVCT (Figure 3). Mean TVI and
ELWI were positively correlated (r =0.9459; P < 0.0001; ELWI = 1.4506 × TVI - 8.7792).

















1 Pneumonia Male 60 58.00 13.24 19 9 4 No
2 Abdomen
infection
Male 52 98.33 20.50 9 6 2 No
3 Pneumonia Female 32 49.00 19.57 12 5 <1 No
4 Pneumonia Male 58 75.41 30.00 11 6 <1 Yes
5 Multiple
trauma
Male 56 98.36 34.90 21 7 2 Yes
6 Multiple
trauma
Male 36 148.00 27.30 28 13 <1 Yes
7 Pneumonia Female 19 100.00 37.50 10 10 4 No
8 Pneumonia Male 78 185.00 30.00 14 6 5 Yes
9 Abdomen
infection
Male 63 190.57 31.76 28 8 2 Yes
10 Pneumonia Male 32 36.00 16.76 16 5 <1 No
Mean 8 Males/
2 Females
48.6 103.87 26.15 16.80 7.50
SD 18.08 54.42 8.15 7.04 2.55
APACHE II: Acute Physiology And Chronic Health EvaluationII; ARDS, acute respiratory distress syndrome; Crs, respiratory
system compliance; MVtime, time of mechanical ventilation before study enrolment; SOFA: Sequential Organ
Failure Assessment.
Table 2 Main study variables for individual patients
Patient
no.
CT Quantitative analysis PiCCO plus system










1 −408.76 1068.12 1519.39 17.67 0.70 916 1145 1580.9 13
2 −635.51 1253.14 712.60 10.96 1.76 853 1066 953.13 9
3 −240.55 506.86 1652.71 33.05 0.31 564 705 2404.6 44
4 −352.20 485.55 697.01 9.29 0.70 801 1001 891.38 7
5 −264.17 735.94 1422.71 19.76 0.52 904 1130 1565.6 16
6 −331.26 610.46 1209.24 15.50 0.50 920 1150 1614.2 15
7 −440.78 677.83 857.52 14.29 0.79 576 720 1007.4 13
8 −415.64 759.62 1044.63 17.41 0.73 901 1126 1564.9 20
9 −491.44 1296.89 1328.34 18.98 0.98 908 1135 1454.1 15
10 −499.44 1771.35 1769.50 24.24 1.00 580 725 1944.5 23
Mean −407.97 916.58 1221.37 18.12 0.80 792.3 990.3 1498.1 17.5
SD 118.30 418.08 383.68 6.79 0.40 155.29 194.08 466.45 10.4
CTmean, mean CT values; GVCT, gas volume in lung measured by CT; TVCT, tissue volume in lung measured by CT; TVI,
tissue volume index for predicted body weight; g/t, ratio of gas to tissue volume; GEDI, global end-diastolic volume index
for patient surface area; ITBI, intrathoracic blood volume index for patient surface area; PTV, pulmonary thermal volume;
ELWI, extravascular lung water index for predicted body weight.
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and PTV, TVI and ELWI was −277 ± 217 and 0.62 ± 4.56, respectively.
We found no correlation between ELWI and proportion of any lung-tissue compart-
ments. The differences between TVI and ELWI were not correlated with proportion of
normally aerated, poorly aerated or nonaerated lung compartments.Pathophysiological correlations
We found no significant correlation between physiological variables (PaO2/FiO2, Crs,
APACHE II and SOFA score) and CT or single-indicator thermodilution variables
(Table 3).Discussion
In patients with ARDS, lung tissue content measured by quantitative CT analysis was
highly correlated with ELWI and PTV measured by the single-indicator thermodilution
method.
As a convenient, minimally invasive, and economical technique, PiCCO monitoring
has been generally used in ICUs all over the world. As compared with the gravimetric
method, single-indicator thermodilution to determine EVLW shows good correlation
in animal models of lung injury, although EVLW is slightly higher with the latter
method [23-25]. Tagami and colleagues found that measurement of EVLW by the
single-transpulmonary system is closely correlated with post-mortem lung weight in
humans [26]. Overestimation of EVLW may have several explanations. First, the thermal
indicator is also equilibrated with the myocardium and vessel walls, which may lead to
a large volume of distribution and a small increase in EVLW measurement. Second,
recirculation of cold saline can overestimate lung water [23]. Third, the linear regres-
sion equations between ITBV and GEDV may differ among species [25,30].
PTV = 1.0793× TVCT + 179.8 (ml)





































Figure 3 Upper panel, correlation between TVCT and PTV. Dashed line represents identity. Lower
panel, Bland and Altman’s plot of agreement between TVCT and PTV: differences are plotted against
average values. Mean difference (dashed line) and 95% confidence limit (bold lines) are indicated.
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estimated by quantitative CT had acceptable accuracy in tracking the extent of pulmonary
edema, with a mean bias of 4 ml/kg [27]. Recent experimental and clinical investigations
have revealed that CT-derived pulmonary tissue volume is closely associated with EVLW
and PTV determined by thermal indocyanine green-dye double-indicator dilution, but
TVCT showed a tendency to be larger than PTV or EVLW [27,28]. This overestimation
might be due to the additive effects of several factors. First, CT does not differentiate
between lung compartments with interstitial fluid, pulmonary tissue, or residual intra-
vascular blood. Second, CT reveals fluids in the alveoli and pleural space that might
escape detection with indicator dilution methods.
Many factors may limit the reliability of EVLW determined by single-indicator thermo-
dilution. First, the relationship between GEDV and ITBV may be affected by anatomy
(height, weight), mechanics (tidal volume, PEEP), physiologic features (pulmonary edema,
hypoxic vasoconstriction), and pharmacologic features (vasoactive drugs) [13,31]. The
equation between GEDV and ITBV differs among species [25,30]. So EVLW may be
Figure 4 Upper panel, correlation between TVI and ELWI. Dashed line represents identity. Lower panel,
Bland and Altman’s plot of agreement between TVI and ELWI: differences are plotted against average
values. Mean difference (dashed line) and 95% confidence limit (bold lines) are indicated.
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relies on heat exchange across the alveolar epithelial and endothelial barriers. If the
thermal indicator does not have access to all lung tissue because of decreased perfusion,
then EVLW will be consistently underestimated. Several pathophysiological changes inTable 3 Correlation coefficients for CT or PiCCO variables with other parameters
Variables CT Quantitative analysis PiCCO plus system
CTmean GVCT TVI g/t PTV ELWI
PaO2/FiO2 −0.10 0.03 −0.45 0.08 −0.39 −0.14
Crs 0.01 −0.24 −0.50 −0.01 −0.54 −0.18
APACHE II score 0.28 0.21 0.50 −0.30 0.47 0.35
SOFAscore 0.08 −0.12 −0.26 −0.13 −0.18 −0.43
CTmean, mean CT values; GVCT, volume of gas in lungs measured by CT; TVI, tissue volume index for predicted body
weight; g/t, ratio of gas to tissue volume; PTV, pulmonary thermal volume; ELWI, extravascular lung water index for
predicted body weight; Crs, compliance of respiratory system; APACHE II: Acute Physiology And Chronic Health
Evaluation II; SOFA: Sequential Organ Failure Assessment.
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microembolism, and hypoxic vasoconstriction, can impair the perfusion and result in an
inaccurate EVLW [14,15]. Easley and co-workers found that inactivating hypoxic pulmon-
ary vasoconstriction by endotoxin administration increased pulmonary blood flow to
poorly aerated regions, with increased EVLW [32]. Third, PEEP may affect the measured
value of EVLW and directly affect the amount of lung water present, thereby indirectly
affecting EVLW. High levels of PEEP may lead to pulmonary capillary collapse, thus
potentially resulting in underestimating EVLW. However, the use of PEEP may cause a
redistribution of pulmonary blood flow toward previously underperfused lung regions,
thus leading to a more accurate EVLW. Several trials have given different results for
the influence of PEEP on measurement of EVLW [18-21]. Fourth, the degree of lung
edema can affect the accuracy of EVLW. However, the exact influence is still contro-
versial [13,21,22]. Finally, many anatomic and physiological abnormalities that can
alter EVLW include major pulmonary resection, the presence of large aortic aneurysms,
arterial catheters placed too far peripherally, and intracardiac shunts [29].
The results of this study indicate that in patients with ARDS, EVLW and PTV
measured by the single-indicator thermodilution method were highly correlated with
lung tissue content measured by CT. However, EVLW and PTV determined with
single-indicator thermodilution overestimated TVCT perhaps because CT cannot
differentiate between lung compartments with interstitial fluid, pulmonary tissue, or
residual intra-vascular blood. As well, other factors that can limit the reliability of
EVLW measured by single-indicator thermodilution include the level of PEEP, the
extent of the shunt in the lungs, and recirculation of cold saline. One trail estimated
the CT-based ELWI by two different radiologists without analyzing software [33].
CT-based estimation of ELWI is not accurate for predicting extravascular lung water
in critically ill patients when compared to single-indicator thermodilution, because
they only use some CT findings to guess the ELWI [33]. But in our study, the quanti-
tative CT analysis is much more accurate. The presence of a large amount of pleural
fluid in 5 patients may have affected the reliability of EVLW obtained by single-
indicator thermodilution. Two previous studies revealed that fluid in the pleural
space did not contribute to the measurement of EVLW [34,35]. However, one of the
studies indicated that pleural fluid contributed to increased PTV [34]. Saugel and co-
workers recently found that large-volume thoracentesis significantly increased EVLI
measured by single-indicator thermodilution [36]. However, EVLI was higher after
removal of pleural fluid; the authors concluded that pleural effusions did not take
part in single-indicator transpulmonary thermodilution as part of the pulmonary
thermovolume and did not increase EVLI [36].
ELWI and the differences between TVI and ELWI were not correlated with proportions
of any lung compartments. This result agreed with Patroniti and coworkers [28], but
we lack other data for comparison.
We found no correlation between CT or PiCCO variables and Crs or PaO2/FiO2.
This result agreed with some previous research [26,37,38], although it still remains
controversial. PaO2/FiO2 was affected by many factors, such as PEEP and inhaled oxy-
gen concentration. Even for the same patient, the position, sedation state, and airway
secretions can lead to changes in PaO2/FiO2 [39]. Dynamic changes in EVLW showed
a significant negative correlation with PaO2/FiO2 and Crs changes [40], which
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severity and treatment effects.
APACHE II and SOFA scores have been widely used to assess the severity of critically
ill patients and were closely related to the prognosis of multiple organ dysfunction
syndrome [41,42]. We found no correlation between ELWI or TVI and these scores;
APACHE II and SOFA scores may not be specific markers of acute lung injury but
they can help in assessing the overall condition of patients.
Because of the small population and the lack of previous data to compare with our
findings, further studies are necessary to confirm our results. As well, the time of
mechanical ventilation before enrollment and ventilator settings were not the same for
each patient, which may have affected our results.Conclusions
Measuring pulmonary edema by quantiative CT analysis shows good agreement with
that by single-indicator thermodilution.Key messages
 Interstitial lung edema is the most important pathological character of acute
respiratory distress syndrome. Quantitative measurement of lung edema can
provide a useful marker of disease severity and prognosis.
 Measurement of pulmonary edema by quantitative CT analysis showed good
agreement with that by single-indicator thermodilution, although extravascular lung
water and pulmonary thermal volume values were underestimated by the latter
method for tissue volume of the lung.
 As a noninvasive method, quantitative CT analysis is a gold standard for evaluating
lung aeration, which may have clinical relevance in the mechanical ventilation
setting and provide a quantitative “in vivo” measurement to estimate pulmonary
edema.
Abbreviations
CT: Computed tomography; ALI/ARDS: Acute lung injury/acute respiratory distress syndrome; APACHE II: Acute
Physiology And Chronic Health Evaluation II; CO: Cardiac output; Crs: Compliance of respiratory system;
Crs: Compliance of respiratory system; CTmean: Mean radiographic attenuation value for the whole lung; g/t: Gas-to-
tissue ratio; DSt: Exponential downslope decay time; EVLW: Extravascular lung water; ELWI: Extravascular lung water
index for predicted body weight; ITBI: Intrathoracic blood volume index for patient surface area; ITTV: Intrathoracic
thermal volume; ITBV: Intrathoracic blood volume; GEDI: Global end-diastolic volume index for patient surface area;
GEDV: Global end-diastolic volume; g/t: Ratio of gas to tissue volume; GVCT: Quantitative CT analysis of gas volume;
MODS: Multiple organ dysfunction syndrome; MTt: Mean transit time; PEEP: Positive end-expiratory pressure;
PTV: Pulmonary thermal volume; PBV: Pulmonary blood volume; SOFA: Sequential Organ Failure Assessment;
TVI: Tissue volume index for predicted body weight; TVCT: Quantitative CT analysis of tissue volume.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
FZ, CL and DW designed the study. FZ, CL and JZ planned and collected the data. FZ, CL and HG wrote the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
We are grateful to Yiqiang Zhan from Dapartment of Periodontology, University of Greifswaid, Greifswald, Germany, for
help in statistical analysis. We thank the medical staff from the Department of critical Care Medcine, Qilu Hospital of
Shandong University. This study received no specific funding.
Zhang et al. BioMedical Engineering OnLine 2014, 13:30 Page 12 of 13
http://www.biomedical-engineering-online.com/content/13/1/30Received: 23 November 2013 Accepted: 4 March 2014
Published: 13 March 2014
References
1. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, Lamy M, Legall JR, Morris A, Spragg R: The
American-European Conference on ARDS: definitions, mechanisms, relevant outcomes, and clinical trial
coordination. Am J Respir Crit Care Med 1994, 149:818–824.
2. Howell DCJ, Bellingan GJ: Respiratory Disease and its Management: Acute Lung Injury and Acute Respiratory Distress
Syndrome (ALI/ARDS)[M]. London: Springer; 2009.
3. Sakka SG, Klein M, Reinhart K, Meier-Hellmann A: Prognostic value of extravascular lung water in critically ill
patients. Chest 2002, 122:2080–2086.
4. Kuzkov VV, Kirov MY, Sovershaev MA, Kuklin VN, Suborov EV, Waerhaug K, Bjertnaes LJ: Extravascular lung water
determined with single transpulmonary thermodilution correlates with the severity of sepsis-induced acute
lung injury. Crit Care Med 2006, 34(6):1647–1653.
5. Puybasset L, Cluzel P, Chao N, Slutsky AS, Coriat P, Rouby JJ, and the CT Scan ARDS Study Group: A computed
tomography scan assessment of regional lung volume in acute lung injury. Am J Respir Crit Care Med 1998,
158:1644–1655.
6. Puybasset L, Cluzel P, Gusman P, Gremier P, Preteux F, Rouby J-J, CT scan ARDS study group: Regional
distribution of gas ang tissue in acute respiratory distress syndrome.I.Consequences for lung morphology.
Intensive Care Med 2000, 26:857–869.
7. Rouby JJ, Puybasset L, Nieszkowska A, Lu Q: Acute respiratory distress syndrome: lessons from computed
tomography of the whole lung. Critical care medicine 2003, 31(no.4 Suppl):S285–S295.
8. Malbouisson LM, Muller JC, Constantin JM, Lu Q, Puybasset L, Rouby JJ, and the CT Scan ARDS Study Group:
Computed tomography assessment of positive end-expiratory pressure–induced alveolar recruitment in
patients with acute respiratory distress syndrome. Am J Respir Crit Care Med 2001, 163:1444–1450.
9. Gattinoni L, Caironi P, Pelosi P, Goodman LR: What has computed tomography taught us about the acute
respiratory distress syndrome? Am J Respir Crit Care Med 2001, 164:1701–1711.
10. Puybasset L, Gusman P, Muller JC, Cluzel P, Coriat P, Rouby JJ, and the CT scan ARDS study group: Regional
distribution of gas and tissue in acute respiratory distress syndrome.III.Consequences for the effects of
positive end-expiratory pressure. Intensive Care Med 2000, 26:1215–1227.
11. Gattinoni L, Cressoni M: Quantitative CT in ARDS: towards a clinical tool? Intensive Care Med 2010, 36:1803–1804.
12. Brown LM, Liu KD, Matthay MA: Measurement of extravascular lung water using the single indicator method
in patients: research and potential clinical value. Am J Physiol Lung Cell Mol Physiol 2009, 297:L547–L558.
13. Michard F, Schachtrupp A, Toens C: Factors influencing the estimation of extravascular lung water by
transpulmonary thermodilution in critically ill patients. Crit Care Med 2005, 33:1243–1247.
14. Noble WH, Kay JC: Effect of emboli, positive pressure ventilation and airway water on lung water
measurement. Appl Physiol 1988, 65:154–164.
15. Roch A, Michelet P, Lambert D, Delliaux S, Saby C, Perrin G, Ghez O, Bregeon F, Thomas P, Carpentier JP, Papazian
L, Auffray JP: Accuracy of the double indicator method for measurement of extravascular lung water depends
on the type of acute lung injury. Crit Care Med 2004, 32:811–817.
16. Shen JF, Qiu HB, Yang Y, Liu SQ, Chen YM, Li JQ, Wu B, Ding HM: Comparison of single-indicator thermodilution
versus gravimetric measurement in determination of extra-vascular lung water in dogs with acute respiratory
distress syndrome. Chin Crit Care Med 2006, 18:327–330.
17. Michard F: Bedside assessment of extravascular lung water by dilution methods: temptations and pitfalls.
Crit Care Med 2007, 35:1186–1192.
18. Myers JC, Reilley TE, Cloutier CT: Effect of positive end-expiratory pressure on extravascular lung water in por-
cine acute respiratory failure. Crit Care Med 1988, 16:52–54.
19. Ruiz-Bailén M, Fernández-Mondéjar E, Hurtado-Ruiz B, Colmenero-Ruiz M, Rivera-Fernández R, Guerrero-López F,
Vázquez-Mata G: Immediate application of positive end-expiratory pressure is more effective than delayed
positive end-expiratory pressure to reduce extravascular lung water. Crit Care Med 1999, 27:380–384.
20. Carlile PV, Lowery DD, Gray BA: Effect of PEEP and type of injury on thermal-dye estimation of pulmonary
edema. Appl Physiol 1986, 60:22–31.
21. Schuster DP, Anderson C, Kozlowski J, Lange N: Regional pulmonary perfusion in patients with acute
pulmonary edema. J Nucl Med 2002, 43:863–870.
22. Fernández-Mondéjar E, Castaño-Pérez J, Rivera-Fernández R, Colmenero-Ruiz M, Manzano F, Pérez-Villares J, de la
Chica R: Quantification of lung water by transpulmonary thermodilution in normal and edematous lung. J Crit
Care 2003, 18:253–258.
23. Katzenelson R, Perel A, Berkenstadt H, Preisman S, Kogan S, Sternik L, Segal E: Accuracy of transpulmonary
thermodilution versus gravimetric measurement of extravascular lung water. Crit Care Med 2004,
32:1550–1554.
24. Kirov MY, Kuzkov VV, Kuklin VN, Waerhaug K, Bjertnaes LJ: Extravascular lung water assessed by transpulmonary
single thermodilution and postmortem gravimetry in sheep. Crit Care 2004, 8:R451–R458.
25. Rossi P, Wanecek M, Rudehill A, Konrad D, Weitzberg E, Oldner A: Comparison of a single indicator and
gravimetric technique for estimation of extravascular lung water in endotoxemic pigs. Crit Care Med 2006,
34:1437–1443.
26. Tagami T, Kushimoto S, Yamamoto Y, Atsumi T, Tosa R, Matsuda K, Oyama R, Kawaguchi T, Masuno T, Hirama H,
Yokota H: Validation of extravascular lung water measurement by single transpulmonary thermodilution:
human autopsy study. Critical Care 2010, 14:R162.
27. Kuzkov VV, Suborov EV, Kirov MY, Waerhaug K, Mortensen R, Kuklin VN, Nordhus KC, Bjertnaes LJ: Radiographic
lung density assessed by computed tomography is associated with extravascular lung water content.
Acta Anaesthesiol Scand 2010, 54:1018–1026.
Zhang et al. BioMedical Engineering OnLine 2014, 13:30 Page 13 of 13
http://www.biomedical-engineering-online.com/content/13/1/3028. Patroniti N, Bellani G, Maggioni E, Manfio A, Marcora B, Pesenti A: Measurement of pulmonary edema in
patients with acute respiratory distress syndrome. Crit Care Med 2005, 33(11):2547–2554.
29. Sakka SG, Rühl CC, Pfeiffer UJ, Beale R, McLuckie A, Reinhart K, Meier-Hellmann A: Assessment of cardiac preload
and extravascular lung water by single transpulmonary thermodilution. Intensive Care Med 2000, 26:180–187.
30. Kirov MY, Kuzkov VV, Fernandez-Mondejar E, Bjertnaes LJ: Measuring extravascular lung water: animals and
humans are not the same. Critical Care 2006, 10:415.
31. Huber W, Mair S, Gotz SQ, Tschirdewahn J, Siege U, Schmid RM, Saugel B: Extravascular lung water and its
association with weight, height, age, and gender: a study in intensive care unit patients. Intensive Care Med
2013, 39:146–150.
32. Easley RB, Mulreany DG, Lancaster CT, Custer JW, Fernandez-Bustamante A, Colantuoni E, Simon BA: Redistribution of
pulmonary blood flow impacts thermodilution-based extravascular lung water measurements in a model of
acute lung injury. Anesthesiology 2009, 111:1065–1074.
33. Saugel B, Holzapfel K, Stollfuss J, Schuster T, Phillip V, Schultheiss C, Schmid RM, Huber W: Computed
tomography to estimate cardiac preload and extravascular lung water. A retrospective analysis in critically ill
patients. Scand J Trauma Resusc Emerg Med 2011, 19:31.
34. Deeren DH, Dits H, Daelemans R, Malbrain ML: Effect of pleural fluid on the measurement of extravascular lung
water by single transpulmonary thermodilution. Clin Intensive Care 2004, 15(4):119–122.
35. Blomqvist H, Wickerts CJ, Rosblad PG: Effects of pleural fluid and positive end-expiratory pressure on the
measurement of extravascular lung water by the double-indicator dilution technique. Acta Anaesthesiol Scand
1991, 35:578–583.
36. Saugel B, Phillip V, Ernesti C, Messer M, Meidert AS, Schmid RM, Huber W: Impact of large-volume thoracentesis
on transpulmonary thermodilution- derived extravascular lung water in medical intensive care unit patients.
J Crit Care 2013, 28:196–201.
37. Küntscher MV, Blome-Eberwein S, Pelzer M, Erdmann D, Germann G: Transcardiopulmonary vs pulmonary
arterial thermodilution methods for hemodynamic monitoring of burned patients. J Burn Care Rehabil 2002,
23(1):2–26.
38. Blomqvist H, Wickerts CJ, Berg B, Frostell C, Jolin A, Hedenstierna G: Dose PEEP facilitate the resolution of
extravascular lung water after experimental hydrostatic pulmonary oedema? Eur Respir J 1991, 4(9):1053–1059.
39. Thorson SH, Marini JJ, Pierson DJ, Hudson LD: Variability of arterial blood gas values in stable patients in the
ICU. Chest 1983, 84:14–18.
40. Qiu HB, Sun HM, Yang Y, Xu HY, Chen YM: Changes of extravascular lung water in sheep with early acute
respiratory distress syndrome. Chin J Tuberc Respir Dis 2004, 27:537–541.
41. Vincent JL, de Mendonça A, Cantraine F, Moreno R, Takala J, Suter PM, Sprung CL, Colardyn F, Blecher S: Use of
the SOFA score to assess the incidence of organ dysfunction/failure in intensive care units: results of a
multicenter, prospective study. Working group on “sepsis-related problems” of the European Society of
Intensive Care Medicine. Crit Care Med 1998, 26(11):1793–1800.
42. Knaus WA, Draper EA, Wagner DP, Zimmerman JE: APACHE II: a severity of disease classification system.
Crit Care Med 1985, 13(10):818–829.doi:10.1186/1475-925X-13-30
Cite this article as: Zhang et al.: Comparison of quantitative computed tomography analysis and single-indicator
thermodilution to measure pulmonary edema in patients with acute respiratory distress syndrome. BioMedical
Engineering OnLine 2014 13:30.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
